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Reliable calculations of the electron/ion energy losses in low-pressure thermally nonequilibrium
low-temperature plasmas are indispensable for predictive modeling related to numerous applications
of such discharges. The commonly used simplified approaches to calculation of electron/ion energy
losses to the chamber walls use a number of simplifying assumptions that often do not account for
the details of the prevailing electron energy distribution function EEDF and overestimate the
contributions of the electron losses to the walls. By direct measurements of the EEDF and careful
calculation of contributions of the plasma electrons in low-pressure inductively coupled plasmas, it
is shown that the actual losses of kinetic energy of the electrons and ions strongly depend on the
EEDF. It is revealed that the overestimates of the total electron/ion energy losses to the walls caused
by improper assumptions about the prevailing EEDF and about the ability of the electrons to pass
through the repulsive potential of the wall may lead to significant overestimates that are typically in
the range between 9 and 32%. These results are particularly important for the development of
power-saving strategies for operation of low-temperature, low-pressure gas discharges in diverse
applications that require reasonably low power densities. © 2008 American Institute of Physics.
DOI: 10.1063/1.2839035
I. INTRODUCTION
In recent years, there has been a constantly growing in-
terest in predictive modeling of low-temperature plasmas for
advanced materials processing for various applications rang-
ing from biofunctionalization of polymer surfaces to nanos-
cale synthesis of elements of nanodevices, sensors, and pho-
tovoltaic solar cells.1–4 To predict the plasma parameters,
such as the plasma density, plasma potential, and electron
temperature, numerous efforts have been attempted invoking
various models.5–10 For example, spatially averaged “glo-
bal” models11–15 have been extensively used because of
their relative simplicity and reasonable ability to predict the
actual power input required to sustain the plasma discharge.
This important characteristic of discharge operation is
commonly calculated using the particle and energy balance
approach. The power absorbed by the plasma is distributed to
the discharge species through elastic and inelastic collisions
and is also lost when some electrons and ions escape to the
chamber walls. A commonly used textbook definition states
that the contributions of the electrons Pw,e=2eTenSuBA and
ions Pw,i=nSuBAeVS+eTe /2 to the total kinetic energy loss
Pw= Pw,e+ Pw,i due to the electron/ion recombination on the
walls or any external fixtures such as electrodes, substrate
stages, probes, etc. are different and are very sensitive to the
plasma/discharge parameters. Here, Te is the electron tem-
perature, nS is the plasma density at the plasma sheath edge,
uB is the Bohm’s velocity, and A is the surface area from
which the plasma species escape to the walls. The potential
drop between the plasma and a floating wall is VS
= Te /2lnmi /2me, where mi and me are the ion and elec-
tron masses, respectively.16
The total kinetic energy loss is calculated using several
simplifying assumptions. First, the expressions for the mean
kinetic energy loss per electron and the floating potential are,
strictly speaking, accurate for the Maxwellian electron en-
ergy distribution function EEDF. Second, it is assumed that
the ions increase their kinetic energy by eVS while they
traverse the sheath, whereas the kinetic energy loss of the
electrons remains unchanged. In this simplified treatment, it
is also implied that all the electrons that are available at the
sheath edge i.e., with the density nS reach the wall and
dissipate the energy 2eTe on it. However, it is apparent that
only the electrons with the energy exceeding eVS can actu-
ally reach the wall. Moreover, the exact amounts of energy
these electrons can dissipate after reaching the wall S
−eVS, where S is the electron energy at the sheath edge
depend strongly on the prevailing electron energy distribu-
tion function. In particular, higher populations of high-
energy electrons commonly termed high-energy EEDF tails
result in more pronounced losses of the electron energy on
the walls.
Plentiful experimental evidence suggests that the elec-
tron energy distribution functions are very different for dif-
ferent gas discharges and ranges of operation parameters in-
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cluding gas pressure and composition, frequency of rf
generator, etc.17,18 For instance, the EEDF can transform
from a Maxwellian to a Druyvesteyn-like one when the
working gas pressure is increased from 0.5 to 10 mTorr.19
Kim and Lee also reported that the EEDF evolves from
Druyvesteyn to bi-Maxwellian as the rf frequency increases
from 2 to 27 MHz.20 Seo et al.21 and Gudmundsson22 also
reported that the EEDF in a planar inductive discharge ap-
pears to be Maxwellian at low pressures and evolves into a
Druyvesteyn-like distribution at high pressures. Moreover, a
careful account of the effect of the high-energy tail of Max-
wellian distribution23 often results in substantially higher
rates of collision24 and kinetic energy losses as compared
with the Druyvesteyn-like distribution.
In this paper, we demonstrate that careful account for the
electron contribution and the specifics of the EEDF leads to
more accurate estimates of the actual power dissipated by the
plasma electrons on the discharge walls. In the experiment of
our interest with low-pressure p0=1.0 Pa inductively
coupled plasmas in argon, the actual electron energy distri-
bution function appears to be closer to a Druyvestein-like
rather than a Maxwellian EEDF. Using the experimentally
measured EEDFs under different discharge conditions, it will
be shown that by eliminating the electrons with the energies
insufficient to cross the potential barrier eVS and using gen-
eralized, EEDF-independent definitions of the main plasma
parameters, one can obtain more accurate expressions for the
losses of the electron and ion kinetic energy due to their
recombination on discharge walls. We will also demonstrate
that incorrect assumptions about the prevailing EEDFs may
lead to substantial up to 32% overestimates of the actual
energy losses in the plasma discharges. Under conditions
when such losses dominate, this leads to lower predicted
values of the rf power required to sustain the discharge.
This paper is organized as follows. In Sec. II, a brief
summary of the experimental details is given. Section III
introduces the results of a comparative experimental and the-
oretical investigation of the electron energy distribution
function in the plasma discharge of our interest. In Sec. IV,
the electron and ion energy losses are calculated and tabu-
lated for different EEDFs. The implications of these results
on the predictive modeling of plasma discharges are dis-
cussed in Sec. V. The paper ends with a summary of the
results obtained and a brief outlook for future work.
II. EXPERIMENTAL DETAILS
The experiment was undertaken in an intermediate-
frequency 2 MHz inductively coupled plasma ICP source
described in detail elsewhere.25–27 Briefly, the argon plasma
is generated in a cylindrical, stainless steel double-walled
vacuum chamber with inner diameter 2R=32 cm and length
L=23 cm. The chamber is cooled by a continuous water flow
in between the inner and outer walls of the chamber. A
450 l /s turbomolecular pump backed by a two-stage rotary
pump is used to evacuate the plasma chamber. The inflow
rate and pressure of the working gas are regulated by a com-
bination of a gate valve and mass flow controllers.
The electron energy distribution function is deduced
from a single Langmuir probe measurement. The Langmuir
probe was made of a thin tungsten wire with the diameter of
approximately 0.5 mm. The probe was inserted into the
vacuum chamber through a porthole and its tip was posi-
tioned reasonably close to the geometric center of the cham-
ber. The voltage applied to the probe was steered from
−40 to +40 V. The signal collected by the probe was rf
compensated and the extracted dc component was further
digitized and transmitted to a computerized data acquisition
system. In this series of experiments, the operating pressure
of argon gas feedstock and the gas flow rates were main-
tained at 1.0 Pa and 35 sccm, respectively. The electron en-
ergy distribution functions and other plasma parameters were
measured in the range of the input rf power from
400 to 2000 W.
III. ELECTRON ENERGY DISTRIBUTION FUNCTION
The electron energy distribution function ge is defined as
the second-order derivative of the measured I-V curve, which
may be expressed by the following equation:16
geV =
2me
e2S 2eVme 
1/2d2Ie
dV2
,
where S is the surface collection area of a Langmuir probe.
Figure 1 shows the experimental EEDF curves and high-
energy tail recorded for argon discharge at p0=1.0 Pa at
different values of rf power. The plasma density ne and
electron temperature Te can be obtained using the follow-
ing expressions:16ne=0
ged and Te= 2 /31 /ne
0
ged. Figure 2 displays the dependence of the
plasma density and electron temperature on the input power,
respectively. It is clearly seen that the plasma density is in-
creased linearly as the input power increases. On the other
FIG. 1. The experimental EEDF curves derived from measurements with a
single rf compensated Langmuir probe in inductively coupled plasmas in
argon at p0=1.0 Pa. The inset shows a magnified view for the high-energy
EEDF tail.
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hand, the electron temperature varies only slightly even
though the input power was increased several times.
Combining the above generalized expressions for the
EEDF, thermodynamic equation of state, normalization, and
definitions of the mean kinetic energy of electrons and intro-
ducing the gamma function,13 the general expression for the
electron energy distribution function f can be expressed
as follows:
f = x
	3/2
23/2
15/2


0

1/2 exp− 1
	x21
x
xd ,
1
where 1=3 / 2x, 2=5 / 2x, and 	 is the mean kinetic
energy of electrons. Letting x=1 in Eq. 1, one obtains
f = 1.128Te−3/2 · 1/2 · exp− /Te
for the Maxwellian distribution. On the other hand, the
Druyvesteyn-like EEDF
f = 0.565Te−3/2 · 1/2 · exp− 0.2432/Te2
is obtained for x=2.
The experimentally measured EEDFs and the corre-
sponding Maxwellian and Druyvesteyn distributions calcu-
lated using Eq. 1 for the inductively coupled plasmas at
p0=1.0 Pa sustained with 1200 and 2000 W of rf power are
presented in Figs. 3a and 3b, respectively. One can clearly
see that in this case the Druyvesteyn distribution best fits the
experimental curve, especially in the area of higher electron
energies 10 eV. This result is consistent with a number
of previous reports.28–30 Therefore, in this case it is more
appropriate to use a Druyvesteyn-like distribution to calcu-
late the electron/ion kinetic energy losses due to their recom-
bination on the walls.
IV. ELECTRON/ION ENERGY LOSSES
Let us now use the Druyvesteyn-like electron energy dis-
tribution function to describe the losses of kinetic energy of
the plasma electrons and ions as they escape from the dis-
charge bulk. We will first calculate the mean kinetic energy
per electron, which can reach the wall and then generalize
this result in terms of mean energy loss per electron-ion pair
recombined on the discharge wall.
The mean kinetic energy loss per electron escaped to the
wall is defined as the ratio of the average electron energy
flux je to electron particle flux e.13,16 Here we recall that
only the electrons with energy exceeding VS are able to pass
through the sheath; this electron population is shown in Fig.
4. The average electron energy flux and the electron flux can
thus be expressed as
FIG. 2. Variations of the plasma density and the electron temperature with rf
input power for argon discharge at p0=1.0 Pa.
FIG. 3. The experimental EEDF curve, Maxwellian distribution, and
Druyvesteyn distribution in argon ICP discharge sustained with a 800 and
b 2000 W input power at the same other conditions as in Fig. 2. The insets
show magnified views for the high-energy EEDF tails.
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je =
1
4
n2/mec1

VS

2 exp− c2xd
and
e =
1
4
n2/mec1

VS

 exp− c2xd ,
respectively, and we stress that the integration is carried out
in the electron energy range exceeding VS. Furthermore, the
mean kinetic energy loss per electron lost to the wall is
e =
 1
c2
3/x3
x
 − x

0
Vs
2 exp− c2xd
 1
c2
2/x2
x
 − x

0
Vs
 exp− c2xd
,
which is valid for an arbitrary EEDF in a plasma discharge.
For the Druyvesteyn distribution, which is the best fit to the
experimental curve in Fig. 3, we have 1=3 / 2x=3 /4, 2
=5 / 2x=5 /4, 3=1 / 2x=1 /4, 4=2 /x=1, 5=3 /x=3 /2.
Noting that Vs=3.43Te for argon gas,13 one immediately
obtains
e =
c2	31
2
35 + Vs exp− c2Vs2 − 12c2 erfVsc2
c2	21
2
24 + exp− c2Vs2 − 1 ,
which, after substitution, leads to e=3.96Te. Therefore, the
mean kinetic energy loss per electron that escaped to the wall
after passing through the plasma sheath is
¯e = e − VS = 3.96Te − 3.43Te = 0.53Te
for the Druyvesteyn-like electron energy distribution func-
tion with x=2. We emphasize that the simplified conven-
tional way would lead to a significant overestimate e
=3.96Te of the electron losses, which in fact amount to only
0.53Te. Similarly, one can obtain the mean kinetic energy
loss per electron lost to the wall for other electron energy
distributions. Table I summarizes the results of our calcula-
tions of the mean kinetic energy using the simplified conven-
tional method e and the method of this work ¯e for
EEDFs with different values of x, which are varied from
x=1 for the Maxwellian distribution to x=2 for Druyvesteyn
distribution. The striking observation from this table is that
the difference between the results obtained using two differ-
ent approaches is larger for purely Maxwellian distribution
and decreases as x increases from 1 to 2.
Combining the above electron losses with the ion energy
loss per ion that escaped to the discharge walls calculated by
Gudmundsson,13 one can show that the mean kinetic energy
loss per electron-ion pair recombined at the wall is
w = ¯i + ¯e = i + VS + e − VS = i + e,
where the notations for the ion-related terms are the same as
above for the electrons, except for the different subscript i.
One can see that while the ions gain the energy after crossing
the sheath, the electrons lose it. More importantly, this redis-
tribution of kinetic energy between the electrons and ions
does not affect the total kinetic energy, as expected. We
stress that the common neglect of the effect of the repulsive
wall potential on the value of the electron kinetic energy
would have led to an incorrect relation between the total
kinetic energies of the electrons and ions before and after
traversing the sheath.
TABLE I. The mean kinetic energy loss per electron lost for different
EEDFs. All potentials and energies are expressed in units of Te.
x VS
13 e ¯e
1 4.68 5.86 1.18
1.25 4.17 5.06 0.89
1.5 3.83 4.55 0.72
2 3.43 3.96 0.53FIG. 4. Electrons with the energy exceeding VS can pass through the sheath
and recombine on the wall.
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In order to compare the difference between the simpli-
fied common approach and the refined approach of this
work, we have calculated the kinetic losses per electron-ion
pair calculated using the above two approaches for the Max-
wellian x=1 and Druyvesteyn-like x=2 EEDFs. These
results are listed in Table II. One can notice that the total
energy losses calculated using the refined and more accurate
approach of this work yield significantly lower values of the
total power loss due to the electron-ion recombination at the
discharge walls. Moreover, this is the case for both Maxwell-
ian and Druyvesteyn-like electron energy distribution func-
tions.
V. DISCUSSION
Let us now discuss the implications of the results ob-
tained on the predictive modeling of low-pressure, low-
temperature nonequilibrium plasma discharges. To do so, we
will calculate the total kinetic energy loss to the wall in the
most commonly used case of a cylindrical plasma column
and compare the outcomes by using the simplified and the
more elaborate approaches. This important characteristic of a
plasma discharge can be calculated using the following
equation:8
Pw = nSLAL + nSRARuBw,
where nSL=nehL0.863.0+L /2i−1/2ne and nSR=nehR
0.804.0+L /i−1/2ne are the plasma densities at the axial
and radial sheath edges, respectively, i=1 / 	ing is the ion
mean free path in ion-neutral collisions, and uB,M =Te /mi is
the Bohm velocity corresponding to the Maxwellian distri-
bution. For the Druyvesteyn-like EEDF, this expression
needs to be refined, since
1
2
miuB
2
=
1
2
mi · 	 ·
2
mi
·
1
23
= 0.457	
and the effective Bohm velocity uB,D=1.17Te /mi are thus
higher than in the case of Maxwellian distribution.
Figure 5 shows the total kinetic energy loss derived us-
ing the simplified method for Maxwellian  and Druyvest-
eyn  distributions and by using the approach of this work
for the Maxwellian   and Druyvesteyn  distributions.
It is seen that the conventional method significantly overes-
timates the kinetic energy loss compared with the results of
our calculations. One can also notice that the kinetic energy
losses are higher for the Maxwellian distribution; the reason
is that this EEDF features more pronounced electron tails
compared to the Druyvesteyn-like distribution.
Here we recall that at low working gas pressures e.g.,
0.5 mTorr the EEDFs frequently appear Maxwellian.19
Figure 6 shows the relative overestimate in percent of the
total energy loss for both distribution functions obtained us-
ing the traditional method in comparison with the results
obtained using the Maxwellian distribution and the refined
approach. One can see that the overestimation is quite high:
In fact, it can reach 13% for the Maxwellian distribution and
9% for the Druyvesteyn distribution.
Let us now compare the results of both approaches for
the case of the Druyvesteyn EEDF, which is realized in our
experiment see Fig. 3. If the energy loss estimated through
the improved way and assuming that the EEDF is
Druyvesteyn-like is selected as a reference, one can straight-
forwardly calculate the percentages of overestimates of the
total kinetic energy losses using the simplified approach. The
results of this comparison are displayed in Fig. 7; the open
triangles and the solid squares correspond to the Maxwellian
and Druyvesteyn-like EEDFs, respectively. The results in
Fig. 7 suggest that the overestimation percentage is substan-
tially higher than in Fig. 6. Indeed, this difference can be as
high as 32% for the Maxwellian distribution and 27% for the
Druyvesteyn EEDF.
Therefore, Figs. 6 and 7 show that the total energy loss
TABLE II. The mean kinetic energy lost per electron-ion pair lost for different EEDFs. All potentials and
energies are expressed in units of Te.
Distribution VS Te i Te
Simplified approach This work
e,T Te w,T Te e,I Te w,I Te
x=1 4.68 0.5 2 7.18 5.86 6.36
x=2 3.43 0.69 1.8 5.92 3.96 4.65
FIG. 5. The estimated total kinetic energy loss to the wall for the Maxwell-
ian open symbols and Druyvesteyn solid symbols electron energy distri-
butions by using the conventional simplified approach and the refined
approach of this work.
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due to the escape of the electrons and ions to the discharge
walls can be severely overestimated if the details of the pre-
vailing EEDF are neglected and the low-energy electrons
that cannot pass through the repulsive potential of the sheath
are not properly accounted for. It is therefore very important
to include the above effects in predictive discharge modeling,
especially when the electron energy distribution is
Druyvesteyn-like rather than more commonly asserted Max-
wellian.
VI. CONCLUSION
In this work, through direct measurements of the elec-
tron energy distribution function in a low-pressure,
intermediate-frequency 2 MHz inductively coupled plasma
discharge and rigorous calculation of the energy losses due to
the escape of electrons and ions to the discharge walls, we
have shown that the total kinetic energy loss, an essential
characteristic required to estimate the input power to sustain
the plasma discharge, is directly related to the following
main points:
• The electron energy distribution function depends strongly
on the operating conditions of the discharge e.g., the
working gas pressure and can be obtained through the
Langmuir probe diagnostics. It is found that in low-
pressure p0=1.0 Pa ICPs in argon, the EEDF is
Druyvesteyn-like rather than Maxwellian.
• Only the electrons with energy exceeding VS can escape
from the plasma bulk to the discharge wall. The neglect of
this simple fact leads to severe overestimates of the mean
kinetic energy loss per electron lost. For the Maxwellian
distribution, the commonly used value of 2Te is substan-
tially larger than 1.18Te, which is rigorously calculated in
this work. A similar conclusion holds for the Duryvesteyn-
like distribution.
Furthermore, we have demonstrated that the ion energy loss
to the wall is increased by eVS, whereas the energy of the
electron decreases by the same amount after passing through
the plasma sheath. More elaborate approach of this work
makes it possible to calculate the total energy losses of the
electrons and the ions escaping to the discharge walls more
accurately than using the simplified, commonly used ap-
proach. In fact, the latter approach leads to severe overesti-
mates of the total kinetic energy losses, and eventually pre-
dicts higher input powers required for the discharge
maintenance.
Finally, the approach advocated in this work may offer
for additional power saving options during the extended op-
eration of low-temperature plasma discharges. From the glo-
bal long-term perspective, this is not only important for re-
ducing greenhouse emissions but also for the development of
ultrafine plasma processing technologies with particular de-
mands on discharge operation at as low as possible power
densities; the latter requirement is critical, e.g., for plasma
treatment of biopolymers and synthesis of delicate nanoas-
semblies and their functional networked nanoarrays.31,32
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FIG. 6. Relative overestimates of the total energy loss calculated using the
conventional simplified approach as compared with the results obtained for
the Maxwellian distribution using the refined approach of this work. Open
and solid symbols correspond to the Maxwellian and Duryvesteyn EEDFs,
respectively.
FIG. 7. Same as in Fig. 6 with the total energy loss calculated using a
refined approach of this work for the Druyvesteyn distribution as a
reference.
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